cause it is sensitive and rapid, it can be performed with highthroughput methods, and it has less potential for cross contamination than traditional RT-PCR (26, 40) . However, one concern with any of the molecular diagnostic methods is the potential for false-negative results. A false-negative result may occur from multiple causes, including the presence of RT-PCR inhibitors, poor target RNA recovery during extraction, degradation of target RNA before amplification, errors in setting up a reaction, or a degraded reagent (2, 18, 20, 24, 39) . Therefore, the presence of an internal positive control (IPC) in each sample would be useful to monitor the RRT-PCR procedure and to ensure that the test was performed correctly. Applications of different types of IPCs in RRT-PCR assays have been developed for testing clinical specimens. The IPCs can be competitive or noncompetitive with the target template. A competitive IPC uses a mimic design in which the same primer binding sites are used but the internal sequence has been altered so that it can be differentiated from the target sequence either by size or by differential probes. Noncompetitive IPC, however, uses a completely separate target that does not directly compete with the target amplicon and has a different set of primers and probe not shared with the target amplicon for its amplification. The IPC for RRT-PCR can be introduced in a variety of ways, including transcribed RNA, armored RNA, inactivated virus, or plasmid DNA (1, 6, 9, 10, 12, 14, 19, 27, 28, 31) . In all cases, the IPC can be monitored in the same reaction by resolving the products on an agarose gel or using different fluorescent probes in a multiplex format with RRT-PCR. Alternatively, the IPC can be used in a duplicate reaction to determine if PCR inhibitors are present, but this approach doubles the cost of each reaction and does not detect if user errors have occurred.
Previously, we reported on the RRT-PCR diagnostics of AIV based on the amplification of the matrix gene (33) . In this study, we modified the previously reported RRT-PCR procedure by including an IPC in the assay and using lyophilized RRT-PCR master mixture with a different RT-PCR buffer. The IPC used in this study was a 228-base-long RNA that was in vitro transcribed from a DNA template. The same IPC in the form of armored RNA (phage-packaged IPC) (12) was used in samples containing virus to monitor the RNA extraction step, as well as the RRT-PCR amplification step. The results showed improved detection of AIV RNA with lyophilized reagents; in addition, the presence of IPC in the RRT-PCR master mixture helped to identify the samples that were likely to contain RT-PCR inhibitors. reverse (Ϫ) primers, respectively, described above. The complementary primers from each pair were denatured at 90°C for 30 min and annealed by cooling them at room temperature (25°C). The primers were designed in such a way that, after annealing, each DNA fragment would have protruding unpaired sequences (the lowercase letters at either the 5Ј or 3Ј end of each primer) complementary to unique restriction sites (sticky ends) at both the 5Ј and 3Ј ends. Thus, DNA fragment I (the annealed product from pair 1 oligonucleotides) had an XhoI restriction site at the 5Ј end and an MluI site at the 3Ј end, DNA fragment II (the annealed product from pair 2 oligonucleotides) had an MluI site at the 5Ј end and an XbaI site at the 3Ј end, and DNA fragment III (the annealed product from pair 3 oligonucleotides) had an XbaI at the 5Ј end and a SalI site at the 3Ј end. DNA fragment I and DNA fragment II were ligated at the MluI site to generate DNA fragment IV (Fig. 1) . Then, DNA fragment III with an XbaI site at the 5Ј end was ligated to the 3Ј XbaI site of DNA fragment IV to generate the IPC template. In the final step, the IPC template with a 5Ј XhoI site and a 3Ј SalI site was cloned into the corresponding restriction sites at the multiple cloning sites of the plasmid pCI to generate pMFM. The nucleotide sequence of the cloned IPC template derived from pMFM matched the nucleotide sequences of the oligonucleotide primers used to construct the IPC template and was 228 bases long (Fig. 2) . The nucleotide sequence corresponding to the AIV matrix forward (AI M ϩ 25) and reverse (AI M-124) primers were located between nucleotides 53 and 75 on the plus strand and between nucleotides 200 and 223 on the minus strand of the template, respectively (Fig. 2 ). Upon amplification with the above-mentioned primers, the IPC template yielded a PCR product of 177 bp and the viral RNA yielded a PCR product of 100 bp, so the products could be easily distinguished after electrophoresis on an agarose gel.
In vitro transcription of the AIV matrix and the IPC RNA and determination of the minimum detection level by RRT-PCR. The AIV matrix RNA was in vitro transcribed from the corresponding DNA template cloned into a plasmid vector as described previously (33) . The IPC RNA was in vitro transcribed from either pMFM or PCR product and amplified from pMFM with matrix primers modified to include the promoter site on the 5Ј end by T7 RNA polymerase from the RiboMAX large-scale RNA production system (Promega) according to the manufacturer's instructions. The IPC RNA generated from the above-mentioned reaction was treated with RNase-free DNase I (supplied with the RiboMAX system) and tested for purity by both RNA gel electrophoresis and PCR testing prior to use in RT-PCR and RRT-PCR experiments. The purified IPC RNA was suspended in RNase-free Tris-EDTA buffer (pH 8.0) and stored at Ϫ70°C in aliquots at a concentration of 480 fg/l. To determine the minimum detection level (MDL) for RRT-PCR, the AIV matrix and IPC RNAs were serially diluted with RNase-free water prior to use in the assay.
Armored RNA and the MDL. The armored RNA (Ambion, Austin, TX) used in this study contained the same IPC RNA (228 bases), but it was packaged within bacteriophage coat proteins (12) prepared by Ambion RNA Diagnostics (Austin, TX). It was supplied at a concentration of 0.25 mg/ml, with each mg containing approximately 1.9 ϫ 10 14 copies of RNA. For working stock, it was diluted to 4.75 ϫ 10 10 copies RNA per l with brain hearth infusion broth (BHI) and stored at 4°C. Armored RNA was extracted with Trizol LS (Invitrogen), QV, and QR according to the manufacturers' instructions. To determine the MDL, the armored RNA was serially diluted with BHI up to 10 10 dilutions, and 140 l of suspension from each dilution was used for RNA extraction. One hundred forty microliters of suspension was directly used for extraction with QV, while it was diluted to 250 l with BHI for extraction with Trizol or QR. The extracted RNA was dissolved in 60 l of RNase-free water, and 8 l was used per 25 l of reaction mixture for RRT-PCR.
RT-PCR and RRT-PCR with the QIAGEN OneStep RT-PCR kit. The QIAGEN OneStep RT-PCR kit was previously used for the detection of AIV by RRT-PCR in our laboratory (33) , and the protocol was designed to amplify the AIV matrix gene with AI M ϩ 25 as the forward primer, AI M-124 as the reverse primer, and M-64 as the internal probe. The composition of the master mixture and the thermocycling conditions for RT-PCR and RRT-PCR were as described previously (33) . Briefly, the master mixture (50 l) for RT-PCR included 10 l of QIAGEN OneStep RT-PCR 5ϫ buffer (final concentration, 1ϫ), 2 l of kit-supplied enzyme mixture, 10 pmol each of forward (AI M ϩ 25) and reverse (AI M-124) primers (0.5 l), 2 l of kit-supplied deoxynucleoside triphosphate (dNTP) mixture (10 mM each of dATP, dGTP, dCTP, and dTTP), 13 The LyB master mixture with the composition described above was also used for the detection of armored RNA by RRT-PCR under the same thermocycling conditions used for the detection of the IPC (see above).
Detection of AIV in samples from experimentally infected chickens by multiplex RRT-PCR. All samples used in this study were from 3-to 4-week-old White Plymouth Rock chickens inoculated with AI viruses of different subtypes. The samples include oropharyngeal swabs from chickens inoculated with A/Chicken/ Queretaro/14588-19/95 (H5N2) collected 3, 6, and 8 days postinoculation (p.i.); tracheal and cloacal swabs of birds inoculated with A/chicken/TX/298313/04 (H5N2) collected 3 days p.i. (23); and cloacal swabs of birds inoculated with A/chicken/NJ/150383/02 (H7N2) collected 3 days p.i. (22) . The samples from the last two experiments were also tested for the presence of AIV by virus isolation (VI) (22, 23) , and the results were kindly provided by Chang-Won Lee. All swabs were suspended in 1. 
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RNase-free water and analyzed by multiplex RRT-PCR with AIV matrix lyophilized beads. The RRT-PCR assays for the detection of AIV with lyophilized beads had been validated by testing various clinical and test samples, and a cutoff cycle threshold (C T ) value of 35 was assigned for all AIV-positive samples, while the samples having C T s higher than 35 were considered to be suspect and therefore were subjected to further evaluations, including VI.
Detection of RT-PCR inhibitors in various test samples from wild birds and chickens.
The presence of RT-PCR inhibitors was tested for in blood, serum, kidney, lungs, spleen, intestine, cloacal swabs, oropharyngeal swabs, and chicken egg allantoic fluid. All samples were collected from specific-pathogen-free chicken flocks maintained at the Southeast Poultry Research Laboratory (SEPRL), except for some cloacal swabs from wild birds, which were sent to SEPRL for testing for AIV. The wild-bird cloacal swabs that tested negative for AIV by virus isolation were pooled as a representative sample group that was spiked with known amounts of AI virus. Tissues from lungs, kidney, spleen, and intestine were minced with a razor blade and washed twice in phosphate-buffered saline (PBS) before being suspended in PBS to a final concentration of 10% (wet weight/volume). Whole blood was washed with sterile PBS before being resuspended in PBS to a final concentration of 10% (vol/vol). One-hundred-microliter amounts of all test samples (see above) were spiked with 40 l of viral suspensions (50% egg infective dose, 10 6 /ml), the volumes were adjusted to 250 l with sterile PBS, and then they were extracted with Trizol. The extracted RNA was dissolved in 60 l of RNase-free water, and 8 l was used per reaction (RRT-PCR).
RESULTS
Preparation of the IPC and armored RNA and determination of MDL by RRT-PCR. The construction of the IPC DNA template (Fig. 1) , in vitro transcription of the IPC RNA from the DNA template, and preparation of armored RNA from the IPC RNA were described in Materials and Methods. The MDLs of the IPC and the armored RNAs for RRT-PCR were determined after serial dilution of the templates with RNasefree water. The MDL of the IPC RNA was determined to be 0.15 fg, or 1,227 copies per reaction, for both RRT-PCR and RT-PCR (Fig. 3) . The MDL of the armored RNA varies depending on the yields of RNA from different methods of RNA extraction. The best yield of armored RNA was achieved with 
Negative
Negative Negative a RNA was extracted by Trizol LS, QV, and QR as described in Material and Methods. The C T corresponding to the armored RNA extracted by Trizol from 10 Ϫ1 dilution was too high and out of the detectable range manually set for the SmartCycler.
Trizol LS, followed by QV and QR (Table 1) . Based on the copy number of the armored RNA in each dilution (derived from the number of copies in undiluted stock), the MDL was determined to be 887 copies (C T , 36.90) with RNA extracted by Trizol, 8,870 copies (C T , 36.98) with RNA extracted by QV, and 88,700 copies (C T , 36.26) with RNA extracted by QR.
The stabilities of the IPC and armored RNAs were tested based on the changes in the C T s under different storage conditions. The IPC RNA was stable for at least 6 months when stored in Tris-EDTA buffer at Ϫ80°C. In the same period (6 months), the IPC RNA was partially degraded (the C T s increased by less than one cycle) by storage at Ϫ20°C and slightly more (the C T s increased by one or two cycles) by storage at 4 to 10°C (results not shown). In comparison, the armored RNA was stable for 6 months in BHI with little change in the C T s from storage at 4 to 10°C.
MDL of AIV matrix RNA by multiplex RRT-PCR in the presence or absence of IPC using LyB. We first compared the performances of LyB and QIAGEN OneStep 5ϫ RT-PCR buffers to determine the sensitivity of detection and the detection limits of AIV RNA from 10-fold serial dilutions of the template. The average C T corresponding to each dilution of the AIV RNA was found to be more than 2 units lower with LyB than with the QIAGEN 5ϫ buffer (not shown), indicating higher sensitivity of detection with LyB. The LyB master mixture was therefore used in all subsequent RRT-PCR assays. Table 2 shows the detection limits of an in vitro-transcribed AIV matrix RNA in the presence or absence of the IPC RNA. The MDL of AIV matrix RNA was shown to be 200 copies (C T , 37.59) (Table 2) in the absence of the IPC, which is fivefold more sensitive than the detection limit of 1,000 copies per reaction previously reported (33) . The higher sensitivity of detection of the matrix RNA could be due to the LyB buffer and the different assay conditions used in this study, as described above. To determine the amount of IPC that minimally interfered with the detection of AIV matrix RNA by RRT-PCR in a multiplex format, serially diluted matrix RNA (2 ϫ 10 6 to 2 ϫ 10 2 copies) was subjected to RRT-PCR in the presence of various fixed amounts of IPC at concentrations higher than its MDL of 0.15 fg (0.5 fg to 32 fg per reaction). The IPC at the above concentrations had little effect on the detection of matrix RNA at or above 2 ϫ 10 7 copies per reaction (not shown). The MDL of the matrix RNA was determined to be 2 ϫ 10 6 copies (C T , 32.82) in the presence of 64 fg IPC/reaction, 2 ϫ 10 5 copies (C T s, 34.44 to 34.88) in the presence of 8 to 32 fg IPC, 2 ϫ 10 2 to 2 ϫ 10 3 copies (C T s, 37.12 to 37.44) in the presence of 2 to 4 fg IPC, and 2 ϫ 10 2 copies (C T s, 37.47 to 37.87) in the presence of 0.5 to 1 fg/ reaction of the IPC (see Table 4 ). Matrix RNA at 2 ϫ 10 2 copies per reaction was either undetectable or detectable at higher C T s (above 38) in the presence of 2 to 4 fg of IPC. The IPC at 0.5 to 2 fg/reaction minimally interfered with the detection of matrix RNA. The average C T s corresponding to the IPC at 0.5 to 2 fg per reaction in the matrix RNA-IPC multiplex RRT-PCR were determined to be 35, which was well within the upper detection limit of 39 to 40 under the reaction conditions set for the assays. The C T standard curve corresponding to the matrix RNA derived from the RRT-PCR revealed a high correlation coefficient of 0.997 in the absence and between 0.971 and 0.989 in the presence of 0.5 to 2 fg/reaction of the IPC over a range of 9 log 10 dilutions of the template RNA (not shown), indicating no apparent interference of the IPC with the detection of matrix RNA.
Detection of AIV RNA by multiplex RRT-PCR with lyophilized beads containing the IPC. The LyB RRT-PCR master mixture containing AIV matrix primers, AIV matrix probe, MgCl 2 , IPC, and the IPC probe was lyophilized without the enzymes (Cepheid Corp., Sunnyvale, CA) because of concern for enzyme stability. The dNTPs were also excluded in the master mixture, as they interfered with the lyophilization process. The amount of IPC in the master mixture was carefully determined based on the results of multiplex RRT-PCRs with AIV matrix RNA and IPC (Table 2) . Several multiplex RRTPCRs were run with serially diluted AIV RNA (10 0 to 10 Ϫ9 ) from several subtypes (H5, H2, and H11) in the absence and in the presence of the IPC at concentrations of 2.0 fg, 1.5 fg, 1.2 fg, 0.6 fg, 0.3 fg, and 0.15 fg per reaction (25 l). In the absence or at higher dilutions of AIV RNA (10 Ϫ7 to 10 Ϫ9 ), the IPC was detectable at C T s between 33 and 38 when used at a concentration of 2.0, 1.5, or 1.2 fg per reaction (not shown). At 1.2 fg per reaction, the IPC had negligible effect on the detection of AIV RNA at any dilution, while at concentrations above 1.2 fg per reaction, it occasionally interfered with the detection of AIV RNA at higher dilutions (10 Ϫ7 to 10 Ϫ9 ), resulting in either higher C T s or no detection of target template (negative on the FAM channel), which could be due to the IPC outcompeting the AIV RNA. Therefore, 1.2 fg of the IPC per reaction (25 l) was used for multiplex RRT-PCR. The IPC at that level had negligible effects on the detection of the viral RNA at any dilution ( Table 3 ). The C T standard curve for the AIV RNA derived from the multiplex RRT-PCR revealed a high correlation coefficient of 0.997, representing nearly a linear doseresponse curve over a range of 5 log 10 units of input viral RNA (not shown). A direct correlation was found between the de- The copy number of the AIV matrix RNA was estimated as previously reported (33) . The C T s shown in the table are the averages of two reactions. The C T s corresponding to AIV matrix RNA at concentrations above 2 ϫ 10 6 per reaction were minimally affected by the IPC at the above concentrations. b The C T s corresponding to 200 copies of AIV matrix RNA in the presence of IPC at 2 to 4 fg/reaction varied from negative to 38. tection of the template (IPC or viral RNA) by RT-PCR and that by RRT-PCR; the amplification of the target amplicon (IPC or viral RNA) by RT-PCR determined by agarose electrophoresis coincided well with the detection of the amplicons determined by C T s from RRT-PCR assays (not shown). Therefore, 1.2 fg of the IPC per reaction (25 l) was used for the lyophilized LyB RRT-PCR master mixture (beads). The compositions of all other ingredients in the beads remained the same as that described in Materials and Methods. Since potential loss of activity due to instability of the primers, probes, and IPC RNA at room temperature could have been an issue, the beads were always kept refrigerated (4 to 10°C). Under these storage conditions, the beads were stable for at least 6 months (the C T s corresponding to the IPC remained unchanged or dropped by less than one cycle). Beads were used in all subsequent experiments except those involving armored RNA.
Detection of AIV RNA by multiplex RRT-PCR with armored RNA. The armored RNA was used to monitor the accuracy of the viral-RNA extraction and subsequent analysis of the RNA by RT-PCR or RRT-PCR. Like the IPC, the armored RNA at the MDL was outcompeted by viral RNA in multiplex RRT-PCR. To determine the most effective concentration to be used as an extraction control, the armored RNA was added to serially diluted AIV at concentrations little higher than the MDL. The RNA was extracted by Trizol and subjected to multiplex RRT-PCR with LyB master mixture. Based on the results (not shown), we found 7 l of armored RNA from a 10 Ϫ7 dilution of the working stock (4.75 ϫ 10 9 copies per l), or 33,250 copies of RNA, was most effective to monitor the extraction of viral RNA by Trizol. Since the RNA extracted by Trizol was dissolved in 60 l of water, 8 l of which was used per reaction, the actual number of copies of armored RNA was estimated to be 4,433 per reaction (25 l), which corresponded to an average C T of 34.6 (Table 4) . When used at the abovementioned dilution, the armored RNA had negligible effect on the detection of AIV RNA. If RRT-PCR inhibitors are present in the clinical sample, they can be detected by armored RNA if the latter is added to the samples and extracted with the AIV RNA.
Sensitivity and specificity of detection of AIV RNA with the beads. To determine the sensitivities and specificities of detection of different AIV subtypes, RNAs from each of the 15 subtypes of AIV (H1 through H15) were serially diluted from 10 Ϫ1 to 10 Ϫ6 and then subjected to RRT-PCR with the lyophilized beads and the QIAGEN (5ϫ) wet master mixture. The C T differences corresponding to each dilution (total, six dilutions) between the beads and the QIAGEN wet mixture were determined and then averaged. The results (Table 5) showed higher sensitivity for detection of AIV by RRT-PCR with beads than with the wet reagents (QIAGEN 5ϫ master mixture) for most of the subtypes. The average C T s were 0.7624 a RNAs from all AIV subtypes (extracted by Trizol) were serially diluted from 10 Ϫ1 to 10 Ϫ6 , and 8 l from each dilution was subjected to RRT-PCR in duplicate with Qiagen wet (master) mixture and AIV matrix beads as described in te Materials and methods. The average C T corresponding to each dilution (total, six dilutions) of a given subtype determined with the AIV matrix beads was subtracted from that determined with the Qiagen wet mix (C Twet Ϫ C T beads ), the differences were averaged for all six dilutions, and the results are shown in the table. The overall average was ϩ0.7624 Ϯ 0.535 (standard deviation). cycles higher with wet reagents than with the beads (Table 5) . To further validate the authenticity of the results, RNAs from 22 additional isolates of AIV of the subtypes H5, H3, H4, and H12 (all showing higher sensitivities of detection with the beads) were tested. The average C T s corresponding to 19 different isolates of the subtype H5 were found to be 2.88 cycles higher with wet reagents than with the beads (not shown), which correlates well with the results shown in Table 5 . In additional experiments, the average C T s corresponding to six serial dilutions of AIV RNA (10 Ϫ1 to 10 Ϫ6 ) from Environment/NY/1909-6/98 (H3N8), Duck/Czech/56 (H4N6), and Duck/ALB/60/76 (H12N5) were found to be 0.252, 1.13, and 1.29 cycles higher, respectively (not shown), with the wet reagents versus the beads, indicating some variation but overall agreement of test results with those in Table 5 .
Accuracy and sensitivity of RRT-PCR diagnostics with beads on samples from experimentally infected chickens. In this study, samples from chickens inoculated with AIV were subjected to AIV diagnostics by RRT-PCR with beads and wet reagents and by VI. A total of 66 tracheal swabs, 39 oropharyngeal swabs, and 16 cloacal swabs of chickens from three separate bird experiments were tested. The RNA was extracted from the swabs with Trizol LS. The birds were inoculated with A/chicken/TX/298313/04 (H5N2) (experiment 1), Chicken/NJ/ 150383/02 (H7N2) (experiment 2), and Chicken/Queretaro/ 14588-19/95 (H5N2) (experiment 3). The results of virus isolation of the samples from experiments 1 and 2 were reported elsewhere (22, 23) . In experiment 1, out of the 32 tracheal swabs tested, 17 were positive and 15 were negative for AIV by virus isolation, which matched 100% with the RRT-PCR results (Table 6) , and out of 16 cloacal swabs from this experiment, 8 were positive and 8 were negative for AIV by VI, while 9 were positive and 7 were negative for AIV by RRT-PCR, which gives 87% agreement of the test results between the two assays. In experiment 2, out of 34 tracheal swabs tested, 22 were positive and 12 were negative for AIV by VI, while 23 were positive and 11 were negative by RRT-PCR, which gives 94% agreement of the test results between the two assays. (Table  6 ), indicating higher sensitivity of detection of AIV with the beads than with the wet reagents.
Inhibition studies. One of the most important applications of the IPC in RRT-PCR diagnostics of AIV is to detect PCR inhibitors in clinical samples. The presence of RT-PCR inhibitors was evaluated in blood, serum, kidney, lungs, spleen, intestine, chicken egg allantoic fluid, cloacal swabs, and oropharyngeal swabs. The results showed no inhibition of the amplification of viral RNA extracted from tracheal swabs, allantoic fluid, serum, and cloacal swabs of chickens from SEPRL flocks (Table 7) . Neither the viral RNA nor the IPC was detectable in RNA extracted from cloacal swabs from wild birds or from tissues of the lungs, spleen, and intestine, indicating the presence of inhibitors in these samples. With RNA extracted from blood and kidney, the IPC was detectable at higher C T s, indicating partial inhibition of amplification of viral RNA. To test the levels of inhibitors in these samples, RNAs extracted from these samples were diluted 10, 100, and 1,000-fold and then tested by RRT-PCR. The inhibitors were diluted to noninhibitory levels in extracts of kidney and blood after a 10-fold dilution, in extracts of lungs after a 100-fold dilution, and in extracts of spleen and intestine after a 1,000-fold dilution. The inhibitor levels were high enough to block amplification of AIV RNA extracted from cloacal swabs of wild birds even after 1,000-fold dilution.
Comparison of lyophilized beads at a different laboratory. The lyophilized beads were also tested in comparison with the wet reagents at the National Veterinary Services Laboratories in Ames, IA. In a comparison of 24 different H5 avian influenza virus isolates extracted with the RNeasy extraction kit, the wet reagents had a C T of 19.26 compared to a C T for the bead reagents of 16.30. The limit of detection using serially diluted samples showed a sensitivity similar to that with samples from both wet and bead reagents, detecting all of the diluted positive b RRT-PCR assays were carried out with lyophilized beads and Qiagen wet reagents as described in Materials and Methods. ϩ, positive; Ϫ, negative. c C T s corresponding to the positive samples from each experiment were determined by RRT-PCR with lyophilized beads and Qiagen wet reagents as described in Materials and Methods. For each experiment, the C T s corresponding to AIV RNA of the samples determined with the beads were subtracted from those determined with Qiagen wet reagents, and the values were averaged.
d Data on VI were from Lee et al. (22, 23) . ϩ, positive; Ϫ, negative. e ND, not determined.
control samples up to a 10 Ϫ6 dilution, detecting only a few at the 10 Ϫ7 dilution and none at the higher dilutions. A variety of clinical samples, including tracheal swabs, cloacal swabs, and tissue samples, that were negative by VI were examined for evidence of PCR inhibition. Out of 32 samples tested, none had AIV matrix RNA amplified (FAM negative) by RRT-PCR with the beads, supporting the VI results; the IPC RNA was amplified in 20 samples but not in the remaining 12 samples, indicating the presence of RT-PCR inhibitors in the latter samples. Of the 12 samples that had evidence of inhibitors, 5 were from tissue samples, 5 were from cloacal swabs, and only 2 were from tracheal swabs.
DISCUSSION
Early detection of AIV in the course of the disease in poultry is an extremely important step toward the control, management, and eradication of avian influenza virus. RRT-PCR is a widely used molecular diagnostic test that can detect infection at its early stage. Although RRT-PCR is sensitive and specific for its target, concerns about false-negative reactions affecting test results have been raised. These false-negative reactions may be caused by the presence of RT-PCR inhibitors, poor viral-RNA extraction, user error in performing the RRT-PCR test, or poor quality of one of the reagents. In this report, we describe the use of an IPC and armored RNA to monitor the accuracy and specificity of the detection of AIV by RRT-PCR. The amounts of the IPC and the armored RNA used in multiplex RRT-PCR were adjusted so that that their presence did not interfere with the detection of the viral RNA at any dilution (Tables 3 and 4) .
The IPC detected RT-PCR inhibitors in blood, cloacal swabs, and tissues from kidney, lungs, spleen, and intestine ( Table 7) . The presence of RT-PCR inhibitors in blood was also reported by others (2) . RT-PCR inhibitors were detected in cloacal swabs (fecal samples) from wild birds but not in cloacal swabs of chickens collected from the SEPRL flocks. Since the fecal samples of wild birds vary depending on the habitat and diet of the birds, it is virtually impossible to determine the types of inhibitors present in such samples. Based on the RRT-PCR results (Table 7) , it appears that the spleen and intestine carry more inhibitors than the lung, while the smallest amount of inhibitor(s) was found in the kidney and blood. Apparently, inhibitors were coextracted with the viral RNA by Trizol. Therefore, it is difficult to detect the virus in cloacal swabs from wild birds by RRT-PCR if the virus titer is low in the samples. Studies at the National Veterinary Services Laboratories have also shown that the sample type has an impact on the results, with tissue samples and cloacal swabs consistently having some evidence of PCR inhibition. When samples do have evidence of RT-PCR inhibition, diluting the RNA may eliminate the problem, but this will decrease the sensitivity of the test. Alternative procedures need to be considered to extract RNA without RT-PCR inhibitors. In some cases, virus isolation may be the best choice for the detection of AIV.
In this study, we developed and used lyophilized RRT-PCR master mixture reagents for the detection and analysis of AIV by RRT-PCR assays. The use of beads in RT-PCR and RRT-PCR diagnostics of Enterovirus and Adenovirus in clinical samples has recently been reported (4, 13, 28) . Our results showed that lyophilized beads are generally more sensitive than the wet reagents (QIAGEN 5ϫ) for the detection of both in vitrotranscribed AIV matrix RNA (Table 2 ) and AIV RNA extracted from experimentally infected birds (Tables 5 and 6 ). The higher sensitivity of detection with the beads is likely due to a combination of changes, including the change of buffer (LyB replacing QIAGEN OneStep RT-PCR 5ϫ buffer), use of a slightly larger amount of MgCl 2 (4 mM for the lyophilized beads compared to 3.75 mM for the QIAGEN wet mixture), and a longer denaturation time (20 s for the beads compared to 1 s for the QIAGEN wet mixture) for the PCR cycle. Some of the advantages of the use of beads in RRT-PCR diagnostics are (i) reduced time to prepare the master mixture, since many a All samples except cloacal swabs from wild birds were collected from specific pathogen-free chickens in SEPRL flocks. Two hundred microliters of samples from undiluted stocks (serum, allantoic fluid, and cloacal and tracheal swabs) or diluted stocks (10% ͓vol/vol͔ of blood or 10% ͓wet wt/vol͔ for kidney, spleen, lungs, or intestine in PBS), together with 50 l of virus ͓GW/T/LA/169GW/68 (H10N7) (50% egg infective dose, 10 6 /ml)͔ were extracted with Trizol LS. RNAs extracted from samples containing inhibitors were diluted as shown, and the C T values within parentheses represent those of the PBS control at the same dilutions.
b Negative C T (IPC) on the Texas Red channel was interpreted as either inhibition or partial inhibition when the C T corresponding to viral RNA was negative or higher than that of the PBS control or as outcompeting when the C T corresponding to viral RNA was lower due to a higher concentration of the viral RNA.
c From chickens of pathogen-free SEPRL flocks. d From wild birds, pooled from AIV-negative samples.
of the reagents were premixed; (ii) the consistency and reproducibility of the assay, as the beads have a uniform composition; and (iii) minimizing of human errors, as the bead protocol reduces the number of manual steps. In addition, the inclusion of the IPC in the beads facilitates the detection of false-negative results in the samples. In this report, we describe the use of AIV matrix beads for initial screening of the virus, and we have shown that it provides similar or improved results compared to the standardized test. The incremental improvements of the existing technology, with the proper validation, can improve the performance and ease of use of the test in the diagnostic laboratory.
